Introduction
Chondrocytes are the primary resident cells in articular cartilage and as the primary architects of the tissue (1), they are responsible for the synthesis and maintenance of all extracellular matrix (ECM) macromolecules (2) . Fully developed cartilage is hypocellular, avascular, aneural, and alymphatic (3) and nutrition derives predominantly from the joint microcirculation via synovial fluid (4) . Chondrocytes are cytoplasmically isolated within the cartilage ECM and nutrient/waste exchange occurs mainly through diffusion, often over long distances (2, 5) . Chondrocytes are unique in their ability to exist in a low oxygen tension micro-environment and most energy requirements are obtained through glycolysis rather than oxidative phosphorylation (2) . Even though chondrocytes possess fully functional mitochondria and all the enzymatic machinery for aerobic respiration, it is their hypoxic microenvironment that induces glycolytic pathways for ATP production (6) .
Chondrocytes must also exist under pressure and appear to react to cartilage deformation and to the changes in hydrostatic pressure, extracellular ionic composition and streaming potentials induced by mechanical load (7) . Although the phenotype of chondrocytes is perfectly suited for their unique physiological functions, they possess poor potential for repair and regeneration, which predisposes cartilage to degenerative and arthritic conditions such as rheumatoid arthritis (RA) and osteoarthritis (OA), which pose a significant clinical burden. When the functional ECM is compromised, chondrocytes respond in an attempt to repair the damage but often the stimulated anabolic activity does not result in effective repair due to the extent and complexity of the ECM (8) . ECM synthesized following injury and inflammation is often inferior and is unable to support the mechanical demands of the synovial joint. In addition to mechanical stress chondrocytes are exposed to a plethora of oxidants, pro-inflammatory cytokines, chemokine and catabolic factors in arthritic joints. The stress associated with being exposed to these factors promotes senescence, impairs autophagy and promotes cell death (9) . This is why chondrocytes are intimately involved in OA, the most prevalent disease of synovial joints (10) . Therefore, developing therapeutic strategies that support the anabolic activities of chondrocytes is an important area of research in orthopaedics and rheumatology.
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A c c e p t e d M a n u s c r i p t 5 The plasma membrane contains a rich complement of membrane proteins, which defines the cell surface phenotype of the cells, also known as the active surfaceome (11, 12) or membranome (13) . Membrane proteins play crucial roles in many physiological and pathological processes, particularly in immune and cancer cells. Membrane proteins are also important for cartilage biology and chondrocyte function. They serve as ion, water and osmolyte channels, ion and molecular transporters, enzymes, receptors, and anchors for intracellular, cytoskeletal and ECM proteins and molecular complexes (14, 15) . All living cells display electrical properties and possess a membrane potential. However, it is only muscle and nerve cells that are considered, by convention, to be "excitable", whereas chondrocytes are cytoplasmically isolated and therefore "non-excitable". Despite being non-excitable cells, the membranome of chondrocytes contains a diverse collection of channels that form the chondrocyte channelome, a concept that we introduced back in 2010 (16) . The chondrocyte channelome appears to be as complex as one might expect to find in excitable cells, although, in the case of chondrocytes, the function of the channelome is still poorly understood (Figure 1 ). Emerging evidence suggests that the membrane potential, conductance and capacitance are altered in disease and this implicates the channelome in OA.
The aim of this review article is to summarise our current knowledge of the chondrocyte channelome and its relevance to cartilage biology and OA and extend this to the clinically relevant overlap between OA and cardiovascular disease. We provide an overview of current research on the chondrocyte channelome and highlight its relation to the chondrocyte proteome and membranome and focus on ion channels that are pathophysiologically relevant in OA. The chondrocyte channelome is important for understanding fundamental aspects of chondrocyte biology and has additional potential as a target for novel and pre-existing pharmacological and biological agents. The chondrocyte channelome is also a potential source of novel biomarkers as some membrane proteins are targets of proteases that may cleave membrane and channel proteins, resulting in cleavage products that may be released into the synovial fluid and some of these may potentially be detectable as biomarkers in synovial fluid and serum. The chondrocyte channelome is also likely to be involved in communication with cells in subchonrral bone and synovium plus other connective tissue and inflammatory cells in the joint. Since many channels are A c c e p t e d M a n u s c r i p t 6 "moonlighting" proteins (i.e. proteins that can perform more than one function) this dramatically expands the functional complexity of the chondrocyte channelome, implicating it in functions way beyond "channel activity".
Ionic and Osmotic Environment of Chondrocytes
Research done in our laboratories and the laboratories of a number of other groups over the last two decades has focused on the role of sodium transport ] creates a steep inward gradient for Na + entry into chondrocytes, bringing sharply into focus the important physiological role of sodium channels and Na,K-ATPase in these cells (18) .
Epithelial Sodium Channels and Na,K-ATPase
We were the first group to demonstrate the presence of the epithelial sodium channel (ENaC), previously undescribed in chondrocytes (19) . We have shown that human chondrocytes express α and β subunits of ENaC and the abundance of these subunits is altered in arthritic chondrocytes. In cartilage tissue derived from rheumatoid arthritis (RA) patients the quantity of α and β subunits is significantly higher than in control (healthy) cartilage samples. On the other hand, ENaC α and β subunits are absent in the chondrocytes of cartilage derived from OA patients. These early observations indicated that some channels in the channelome are directly influenced by inflammatory and disease processes.
Na,K-ATPase, also known as the "sodium pump", is the membraneembedded transport system that maintains the intracellular concentrations of Na + and K + ions, against steep inward and outward electrochemical gradients and ATP provides energy for this exchange in a phosphorylation-dephosphorylation cycle, known as the Albers-Post cycle. This exchange is responsible for consuming up to M a n u s c r i p t 7 45% of the ATP supply in excitable cells. However, the percentage used by the Na,K-ATPase in chondrocytes has not been estimated. Na,K-ATPase is a heterodimeric protomer composed of an α and β subunit and optionally a third subunit, γ, belonging to the FXYD family of proteins. This is a family of small membrane proteins that share a 35-amino acid signature sequence domain, beginning with the amino acid sequence PFXYD and containing 7 invariant and 6
highly conserved amino acids. FXYD proteins are often found to be associated with the α and β containing protomer (20, 21) . Interestingly, the γ subunits and the FXYD proteins also exhibit channel forming properties by themselves. The α subunit contains the binding sites for sodium, potassium and other ions (20) (22) and regulatory and pharmacological ligands so far described (cardenolides, bufenolides (23)). Four α (α1 to 4) isoforms, three β (β1 to 3) isoforms and seven FXYD have been, so far, described. α and β isoforms associate promiscuously, any α can form quaternary structure with any β giving rise to isozymes of differentially specific kinetic parameters (24) (i.e. ion affinity, catalytic efficiency) leading to substantial physiological, developmental and pharmacological differences (23) . Chondrocytes express multiple α and β subunits including α1, α2, α3, β1, β2 and β3 isoforms in a differential fashion according to developmental stages and pathologies (19) or cell line cultures (25) . In chondrocytes derived from RA and OA joints changes in the ionic and osmotic environment alters sodium and potassium content in the ECM and chondrocytes respond to these changes by altering the active isozyme types present in the plasma membrane (19) , in order to maintain the intracellular milieu within physiological conditions. Na,K-ATPase therefore plays an important role in ionic homeostasis in chondrocytes, but its expression in chondrocytes remains to be explored in congenital skeletal diseases and in metabolic diseases, including type II diabetes, hemochromatosis, alkaptonuria, Ehlers-Danlos syndrome and other genetic diseases that implicate sodium transport.
Voltage-Dependent (Activated) Calcium Channels
Voltage-dependent calcium channels (VDCCs) enable a rapid elevation of cytosolic Ca 2+ levels and are important for Ca 2+ signalling in chondrocytes, especially during skeletal development. VDCCs have been classified into the structurally and functionally related families of Ca V 1, Ca V 2, and Ca V 3 (26) . During chondrogenesis TRP channels appear to be involved in OA. Articular chondrocytes isolated from knee joints of OA patients express various TRP ion channels (49) . 
Differentiating micromass cultures have been found to express a wide range of TRPV ion channels (50). TRPA1 mediates acute inflammation and is a potential drug target in OA (51

The Chondrocyte Channelome in OA
As highlighted in the introduction section, OA represents the most common form of a range of degenerative joint diseases that involve active processes by which cartilage and the surrounding tissues (i.e. synovium, peri-articular connective tissues and subchondral bone) respond pathologically to environmental factors. OA is now considered as being far more inflammatory than a disease of simple "wear and tear".
However, mechanical loading remains one of the major risk factors in the aetiopathogenesis of OA (62 M a n u s c r i p t The research leading to these results was also funded by the European Commission A c c e p t e d M a n u s c r i p t
